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E-mail address: mkawaich@bs.naist.jp (M. KawaicRecent studies show LDL receptor-related protein 1B, LRP1B as a transducer of extracellular signals.
Here, we identify six interacting partners of the LRP1B cytoplasmic region by yeast two-hybrid
screen and conﬁrmed their in vivo binding by immunoprecipitation. One of the partners, PICK1 rec-
ognizes the C-terminus of LRP1B and LRP1. The cytoplasmic domains of LRP1B are phosphorylated
by PKCa about 100 times more efﬁciently than LRP1. Binding of PICK1 inhibits phosphorylation of
LRP1B, but does not affect LRP1 phosphorylation.
This study presents the possibility that LRP1B participates in signal transduction which PICK1 may
regulate by inhibiting PKCa phosphorylation of LRP1B.
Structured summary:
MINT-6801075: Lrp1b (uniprotkb:Q9JI18) physically interacts (MI:0218) with SNTG2 (uniprotkb:Q925E0)
by two hybrid (MI:0018)
MINT-6801030, MINT-6801468: Lrp1b (uniprotkb:Q9JI18) physically interacts (MI:0218) with Pick1 (uni-
protkb:Q80VC8) by two hybrid (MI:0018)
MINT-6801284: LRP1B4 (uniprotkb:Q9JI18) physically interacts (MI:0218) with RanBPM (uni-
protkb:P69566) by anti tag coimmunoprecipitation (MI:0007)
MINT-6801108: Lrp1b (uniprotkb:Q9JI18) physically interacts (MI:0218) with Grb7 (uniprotkb:Q03160)
by two hybrid (MI:0018)
MINT-6801090: Lrp1b (uniprotkb:Q9JI18) physically interacts (MI:0218) with RanBPM (uni-
protkb:P69566) by two hybrid (MI:0018)
MINT-6801008: Lrp1b (uniprotkb:Q9JI18) physically interacts (MI:0218) with Jip-1b (uniprotkb:Q9WVI9-
1) by two hybrid (MI:0018)
MINT-6801052: Lrp1b (uniprotkb:Q9JI18) physically interacts (MI:0218) with Jip-2 (uniprotkb:Q9ERE9) by
two hybrid (MI:0018)
MINT-6801258, MINT-6801271: LRP1B4 (uniprotkb:Q9JI18) physically interacts (MI:0218) with Pick1
(uniprotkb:Q80VC8) by anti tag coimmunoprecipitation (MI:0007)
MINT-6801244: RanBPM (uniprotkb:P69566) physically interacts (MI:0218) with mLRP4 (uni-
protkb:Q8VI56) by anti tag coimmunoprecipitation (MI:0007)
MINT-6801131, MINT-6801158: LRP1B4 (uniprotkb:Q9JI18) physically interacts (MI:0218) with Jip-1b
(uniprotkb:Q9WVI9-1) by anti tag coimmunoprecipitation (MI:0007)
MINT-6801231: PICK1 (uniprotkb:Q80VC8) physically interacts (MI:0218) with mLRP4 (uni-
protkb:Q8VI56) by anti tag coimmunoprecipitation (MI:0007)
MINT-6801173: Jip-1b (uniprotkb:Q9WVI9-1) physically interacts (MI:0218) with mLRP4 (uni-
protkb:Q8VI56) by anti tag coimmunoprecipitation (MI:0007)
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction mediate the endocytosis and lysosomal delivery of various ligandsThe LDL receptor family has traditionally been regarded as a
class of constitutively recycling cell surface receptors that merelychemical Societies. Published by E
hi).such as lipoproteins, proteases, and their inhibitors [1]. Recently,
the LDL receptors have been reported to act in signal transduction.
For example, VLDLR and ApoER2 are involved in the regulation of
neuronal migration during embryonic brain development [2].
Other LDL receptor family members are also known to engage in
signal transduction [3,4].lsevier B.V. All rights reserved.
44 T. Shiroshima et al. / FEBS Letters 583 (2009) 43–48The LRP1 cytoplasmic domain has a number of tyrosine, serine
and threonine residues and a part of them are phosphorylated [5].
Platelet-derived growth factor BB induces a transient phosphoryla-
tion of a tyrosine residue in one of the two NPxY motifs in the LRP1
cytoplasmic domain [6]. This tyrosine phosphorylation of LRP1 is
required for binding of Shc to the LRP1 cytoplasmic domain. Ligand
binding to LRP1 induces activation of cyclic AMP-dependent
protein kinase A [7], and it phosphorylates serine and threonine
residues in the LRP1 cytoplasmic domain [8]. PKCa also phosphor-
ylates the cytoplasmic domain of LRP1 and this phosphorylation
modiﬁes binding of adaptor proteins to the cytoplasmic region
and regulates endocytosis of LRP1 [5].
It is possible that LRP1B is also involved in signal transduction.
To understand in which pathway LRP1B plays a role, we searched
for interaction partners for the cytoplasmic domain of LRP1B with
yeast two-hybrid screening.
2. Materials and methods
2.1. DNA constructs and plasmid
The full-length LRP1B intracellular domain [LRP1BICD(ex89-
91), amino acids 4467–4599] were PCR ampliﬁed using YTH F
and YTH R primers from a LRP1B cDNA and inserted into pGBT9
(Clonetech). A LRP1B mini receptor, FLAG-mLRP1B4, which com-Fig. 1. Structures of LRP1BICD mutants and the interacting proteins. (A) Structure of w
isolated LRP1BICD interacting proteins. Arrows with numbers indicate regions of polyp
beginning of the polypeptides.prises a signal sequence, a FLAG epitope peptide followed by the
fourth ligand-binding domain, the transmembrane region and the
cytoplasmic tail (amino acids 3276–4599) was PCR ampliﬁed from
a mouse adult brain Matchmaker cDNA library (Clontech) in seven
fragments. Ampliﬁed fragments were assembled in a EcoRV/NotI
site of the pCAGGS(SF) vector. Sequences of DNA primers and con-
struction of other plasmid are described in Supplementary
material.
2.2. Yeast two-hybrid screening and assay
HF7c cells were transformed with pGBT9-LRP1BICD. The trans-
formants were then transformed with DNA prepared from the
mouse adult brain Matchmaker cDNA library in pACT2 (Clontech).
Two-hybrid screening was carried out as described in the Clontech
manual.
b-Galactosidase activities of isolated clones were measured in
SFY 526 cells according to the Clontech liquid culture assay proto-
col. Results of three independent assays are presented in Miller
units as the means + S.D.
2.3. Cell culture and transfection
HEK293Tcellswere cultured inDulbecco’smodiﬁedEagle’smed-
ium supplemented with 10% fetal bovine serum, 2 mM glutamineild-type and mutant LRP1B molecules used for binding analysis. (B) Structures of
eptide fragments encoded by the isolated clones and amino acid positions at the
T. Shiroshima et al. / FEBS Letters 583 (2009) 43–48 45and antibiotics in 10 cm dishes to 60% conﬂuence. Cells were trans-
fected with 6 lg/dish of plasmid DNA in combination indicated in
ﬁgure legends by a calcium phosphate method. Cells were washed
after 16 h and the culture continued in fresh medium for 48–72 h.2.4. Immunoprecipitation and Western blot analysis
After 48–72 h of transfection, the cells were disrupted in 500 ll
of 25 mM Tris–HCl (pH 7.6), containing 100 mM NaCl, 5 mM EDTA,
5 mM EGTA, 50 mM NaF, 1% Triton X-100 and a protease inhibitor
cocktail (2 lg/ml leupeptin, 2 lg/ml pepstain, 2 mM benzamide,
40 lg/ml bestatin, 1 mM phenylmethylsulfonyl ﬂuoride). The
cleared lysates were incubated for 2 h at 4 C with either anti-FLAG
M2 (SIGMA), anti-T7tag (Novagen) or anti-myc (9E10) antibodies
bound to proteinG-Sepharose (Qiagen). The beads were washed
three times with 50 mM Tris–HCl (pH 7.6) containing 100 mM
NaCl and 0.05% (v/v) Tween20, and resuspended in a SDS/PAGE
sample buffer. The samples were separated by SDS/PAGE and then
electrotransferred to PVDF membrane. The membrane was
subjected to Western blot analysis using mouse monoclonal
antibodies; anti-FLAG M2 (1:2000 dilution), anti-T7tag (1:10000),
anti-myc (1:2000) or anti-HA (12CA5, 1:1000). A horseradish
peroxidase-conjugated anti-mouse IgG antibody (Amersham,
1:2000) was used for secondary antibody. The bound peroxidase
was detected with ECL Plus (Amersham).Fig. 2. Binding regions of LRP1B, LRP1 and interaction proteins. The sites essential for in
(expressed from pGAD424) were determined by b-galactosidase liquid assay of yeast two
(89 and 91), an NPxY1 mutant (NPxY1-mut), an NPxY2 mutant (NPxY2-mut), and a doubl
Interaction of full-length LRP1BICD with JIP-1b, JIP-1b PTB domain (PTB), and JIP-1b SH3 d
their mutants with carboxyl terminal deletions (LRP1BICDD3aa and LRP1ICDD3aa). (D)2.5. Preparation of LRP1BICD, LRP1ICD, PICK1 in bacteria
E. coli BL21(DE3) (Novagen) cells were transformed with
pET28a containing LRP1BICD, LRP1BICDD3aa, LRP1ICD or LRP1ICD-
D3aa. The transformed bacteria were cultured in the presence of
0.1 mM isopropyl-b-D-thiogalactoside to induce protein produc-
tion. After incubation at 37 C for 3 h, the cells were harvested
and disrupted by sonication in 100 mM Na phosphate buffer (pH
7.8) containing 300 mM NaCl and the protease inhibitor cocktail.
The proteins were puriﬁed with Ni-NTA–agarose columns.
To prepare MBP-PICK1 protein, BL21(DE3) cells were trans-
formed with pMAL-cRI-PICK1. The protein production was induced
as described above. The protein was puriﬁed with an amylose resin
(NEW ENGLAND BioLabs) column.2.6. Phosphorylation assay
Recombinant His-LRP1BICD, His-LRP1BICDD3aa, His-LRP1ICD,
His-LRP1ICDD3aa, MBP and MBP-PICK1 were used as substrates.
Phosphorylation was performed by mixing 10 ll of the preincuba-
tion buffer [20 mMHEPES (pH 7.4), 120 mMNaCl, and 1 mM CaCl2]
containing indicated amounts of substrates and 10 ll of a phos-
phorylation buffer [40 mM Tris–HCl (pH 7.5), 20 mM MgCl2,
200 lg/ml L-a-phosphatidyl-L-serine, 40 lg/ml 1,2-dioleoyl-sn-
glycerol, 2 mM c-32P-ATP and 40 ng recombinant PKCa (MERCK)].teraction among LRP1BICD, LRP1ICD (expressed from pGBT9) and isolated proteins
-hybrid. (A) Interaction of JIP-1b with the full-length LRP1BICD (FL), the short form
e mutant (NPxY1,2-mut). LRP1ICD was also examined for interaction with JIP-1b. (B)
omain (DPTB). (C) Interaction of PICK1 with full-length LRP1BICD (FL), LRP1ICD and
Interaction of LRP1BICD and LRP1ICD with PICK1 K27E and PICK1 KD27,28AA.
46 T. Shiroshima et al. / FEBS Letters 583 (2009) 43–48The mixtures were incubated at 30 C for the time indicated. The
reactions were stopped by boiling in SDS/PAGE sample buffer,
and the samples were separated on SDS/PAGE. The gel was then
dried and exposed to X-ray ﬁlm.Fig. 3. Interaction of LRP1B and LRP1 with JIP-1b, PICK1 and RanBPM in HEK293T
cells. HEK293T cells were transfected with plasmid DNA to express the following
proteins: FLAG-mLRP1B4 and T7-JIP1b (A), mLRP4 and T7-JIP-1b (B), FLAG-
mLRP1B4 and PICK1-myc (C), mLRP4 and PICK1-myc (D), FLAG-mLRP1B4 and T7-
RanBPM (E), mLRP4 and FLAG-RanBPM (F). Cell lysates were prepared and
immunoprecipitation was carried out. Expression of each protein was detected
with an appropriate antibody (3% or 10% input) by Western blot. Antibodies used
for Western blot and immunoprecipitation are shown following WB and IP,
respectively, in each ﬁgure.3. Results and discussion
3.1. Identiﬁcation of proteins interacting with the intracellular domain
of LRP1B
Yeast two-hybrid screening with LRP1BICD as bait isolated 25
clones that represented six known genes. The most frequently iso-
lated gene was JIP-1b. JIP-2 that belongs to the same JIP protein
family was also isolated once. JIP-1b and JIP-2 has been reported
to interact with other LRP family members, ApoER2, LRP1 and
Megalin [9–11]. The second and third most frequently isolated
clones were PICK1 and RanBPM, respectively. A single clone of
Grb7 and SNTG2 was also isolated. The structure of each
protein and its fragments isolated by the screening are depicted
in Fig. 1B.
3.2. LRP1B binding to JIP-1b
We next determined interacting domains of LRP1BICD and iso-
lated proteins. Isolated JIP-1b clones all contained the intact SH3
and PTB domains. The JIP-2 clone had a minor deletion in the
SH3 domain but retained the intact PTB domain (Fig. 1B). Quanti-
tative two-hybrid assay indicated that the PTB domain of JIP-1b
interacted with LRP1BICD (Fig. 2B). Two different LRP1BICD arise
from alternative splicing [12]; a full-length form (exon89–91)
and a short form (exon89 and 91). JIP-1b can interact with the
full-length LRP1BICD, but not with the short form (Fig. 2A).
LRP1BICD has two NPxY sequences each in exon89 (NPxY1) and
exon91 (NPxY2) (Fig. 1A). We replaced the NPxY motives with
AAGG. JIP-1b recognized NPxY2 but not NPxY1 (Fig. 2A). However,
JIP-1b did not bind to the short form LRP1BICD, probably because
the conformation of the short form prevented the interaction of
JIP-1b with NPxY2. Two NPxY motives are conserved in the cyto-
plasmic region of LRP1. Actually, JIP-1b bound to the cytoplasmic
region of LRP1 (LRP1ICD) (Fig. 2A).
3.3. LRP1B binding to PICK1
PICK1, RanBPM, SNTG2 and Grb7 were isolated for the ﬁrst time
as binding partners of the LDL receptor family. PICK1 and RanBPM
interacted with both LRP1BICD and LRP1ICD (Fig. 2C and D). How-
ever, SNTG2 and Grb7 interact only with LRP1BICD and not with
LRP1ICD (data not shown).
PICK1 has a PDZ domain in the amino terminal region. All six
isolated PICK1 clones encoded the full-length protein (Fig. 1B), sug-
gesting the importance of the PDZ domain. PDZ domains usually
interact with several amino acids at the C-terminus rich in hydro-
phobic residues. A mutant LRP1BICD lacking the Thr-Val-Ala se-
quence (LRP1BICD D3aa) failed to interact with PICK1 (Fig. 2C).
The carboxylate-binding loop (amino acids 27–33) of the mouse
PICK1 PDZ domain was essential for recognition of C-terminal se-
quences [13]. Carboxylate-binding loop mutants, PICK1 K27E and
PICK1 KD27,28AA [13] did not interact with LRP1BICD (Fig. 2D, left).
LRP1 has a compatible PDZ binding motif, Pro-Leu-Ala-COOH. In
fact, LRP1ICD bound to PICK1 and this interaction required the C-
terminal three amino acids (Fig. 2C, right). PICK1 K27E and
KD27,28AA mutants did not bind to LRP1ICD (Fig. 2D, right).
SNTG2 bind to the C-terminus of LRP1B through its PDZ domain
but RanBPM seemed to interact with an indeﬁnable wide area of
LRP1BICD (data not shown).3.4. LRP1B binding to JIP1b, PICK1 and RanBPM in vivo
We constructed a LRP1B minireceptor (FLAG-mLRP1B4) essen-
tially the same as the one reported [14]. FLAG-mLRP1B4 is ex-
pressed on the cell surface (data not shown).
HEK293T cells were transfected with the FLAG-mLRP1B4 plas-
mid along with expression vectors encoding JIP-1b, PICK1 or Ran-
BPM each tagged with either the T7 or myc epitope. When FLAG-
mLRP1B4 was immunoprecipitated from the cell lysate, T7-JIP-1b
protein was recovered in the precipitates. Conversely, when T7-
JIP-1b was immunoprecipitated, FLAG-mLRP1B4 was recovered in
the precipitate (Fig. 3A). Similarly, FLAG-mLRP1B4 and PICK1-
myc were co-immunoprecipitated (Fig. 3C). FLAG-mLRP1B4 was
also co-immunoprecipitated with T7-RanBPM (Fig. 3E). These re-
sults indicated that the binding of LRP1B to JIP-1b, PICK1 or Ran-
BPM was not an artifact of yeast two-hybrid assay.
Binding of the LRP1 minireceptor (mLRP4) to JIP-1b, PICK1 or
RanBPM was also conﬁrmed similarly in HEK293T cells (Fig. 3B,
D and F).
3.5. Phosphorylation of LRP1B by PKCa in vitro
Then, we tried to clarify biological signiﬁcance of the interaction
of PICK with LRP1B or LRP1. LRP1BICD has a number of PKCa con-
sensus sequences [15]. To assay phosphorylation by PKCa in vitro,
we prepared epitope-tagged LRP1BICD (His-LRP1BICD), LRP1ICD
(His-LRP1ICD) and PICK1 (MBP-PICK1) (Fig. 4A).
His-LRP1BICD was strongly phosphorylated by recombinant
PKCa (Fig. 4B). His-LRP1ICD and MBP-PICK1 were also phosphory-
lated by PKCa but to a much less extent than His-LRP1BICD. In
Fig. 4. Inhibition of LRP1BICD phosphorylation by PICK1. (A) Coomassie blue staining of puriﬁed MBP, MBP-PICK1, His-LRP1BICD, and His-LRP1ICD. Total proteins (100 pmol)
were loaded to each lane. (B) Phosphorylation of His-LRP1BICD, His-LRP1ICD and MBP-PICK1 by PKCa. Each substrate protein (100 pmol) was incubated with PKCa and c32P-
ATP for 10 min at 30 C. (C and D) Time course of phosphorylation of His-LRP1BICD and His-LRP1BICDD3aa by PKCa and inhibition by PICK1. (E) Effect of PICK1 on
phosphorylation of His-LRP1ICD. Ten pmol of His-LRP1BICD (C), His-LRP1BICDD3aa (D) or His-LRP1ICD (E) was preincubated with 0, 10 or 100 pmol of MBP-PICK1 in 10 ll of
the preincubation buffer for 3 h at 4 C. Phosphorylation reaction was started by adding 10 ll of the phosphorylation buffer and allowed to proceed for 3, 10, 30 min (C and D)
or for 10 min (E). (F) Effect of His-LRP1BICD and His-LRP1ICD on phosphorylation of PICK1 by PKCa. MBP-PICK1 (100 pmol) was preincubated with 100 pmol His-LRP1BICD or
His-LRP1ICD and phosphorylation reaction for 10 min was started as described above.
T. Shiroshima et al. / FEBS Letters 583 (2009) 43–48 47Fig. 4B, one-hundredth of a reaction mixture for His-LRP1BICD
corresponding to 1 pmol of the substrate protein was loaded to
the electrophoresis gel to detect equivalent intensity of radioactiv-
ity incorporated into 100 pmol of His-LRP1ICD or MBP-PICK1.
Therefore, His-LRP1BICD serves as a PKCa substrate 100 times
better than His-LRP1ICD or MBP-PICK1 (Fig. 4B). Control MBP
was not phosphorylated, indicating that phosphorylation of
MBP-PICK1 occurred in the PICK1 region (Fig. 4B).3.6. Inhibition of LRP1B phosphorylation by PICK1
Because PICK1 binds to PKCa [13], we predicted that the inter-
action with PICK1 might affect the LRP1B phosphorylation by
PKCa. Preincubation with equimolar or 10 times excess of MBP-
PICK1 inhibited the phosphorylation of His-LRP1BICD by 25% or
40% on average, respectively (Fig. 4C). His-LRP1BICD D3aa was
phosphorylated by PKCa as efﬁciently as the full-length His-
48 T. Shiroshima et al. / FEBS Letters 583 (2009) 43–48LRP1BICD. Phosphorylation of His-LRP1BICD D3aa which did not
bind to PICK1, however, was not inhibited by MBP-PICK1
(Fig. 4D). This inhibition of LRP1B phosphorylation seems analo-
gous to the ﬁnding that PICK1 binds to mGluR7 and that this bind-
ing inhibits phosphorylation of mGluR7 by PKCa [16].
In contrast to His-LRP1BICD, the phosphorylation of His-
LRP1ICD was not inhibited by MBP-PICK1 (Fig. 4E) although PICK1
bound to LRP1 more efﬁciently than to LRP1B (Fig. 2C and D). To-
gether with the ﬁnding that the recombinant His-LRP1BICD was
phosphorylated in vitro by PKCa 100-fold more efﬁciently than
His-LRP1ICD (Fig. 4B), there are marked differences between PKCa
phosphorylation of LRP1B and that of LRP1. This may be due to the
difference in the conformation of ICDs of LRP1B and LRP1. Endocy-
tosis of LRP1B is much slower than LRP1 [17]. A recent report indi-
cated that a unique conformation of LRP1BICD results in less
efﬁcient recognition by endocytic adaptors and a slow endocytosis
[18]. Phosphorylation of LRP1ICD regulates endocytosis of LRP1 [5].
Our results suggest a possibility that internalization of LRP1B is
more strictly controlled than that of LRP1.
MBP-PICK1 was also phosphorylated by PKCa (Fig. 4B). How-
ever, PICK1 phosphorylation was not affected by incubation with
His-LRP1BICD or His-LRP1ICD (Fig. 4F). This result and the ﬁnding
that the carboxyl-terminal three amino acids are essential for the
phosphorylation inhibition by PICK1 suggest that the competition
for PKCa between LRP1BICD and PICK1 is not the mechanism for
the inhibition.
We identiﬁed novel adaptor proteins that interact with the
LRP1B cytoplasmic tail. This work presents evidence that the LDL
receptor family proteins participate in a wider range of signal
transduction than expected before. Phosphorylation by PKCa and
its regulation by PICK1 may modulate two activities of LRP1B;
endocytosis and signal transduction.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2008.11.045.References
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